Objective: Over the past decade, the development of high-throughput technologies for DNA and protein analysis has revolutionized the ways in which cells can be studied. Within a relatively short time frame, research has changed from studying individual genes and proteins to analyzing entire genomes and proteomes. Approach: In this article, we summarize the technologies and concepts that form the basis of this functional genomics approach. Results: Microarray and next-generation sequencing technologies have allowed researchers to investigate many different aspects of the cell, including DNA mutations, histone modifications, DNA methylation, chromatin structure, transcription, and translation on a genome-wide level. In addition, mass spectrometry technologies have undergone significant development and currently enable us to globally profile protein levels, protein-protein interactions, post-translational protein modifications, and metabolites. Innovation and Conclusion: The integration of information from the various processes that occur within a cell provides a more complete picture of how genes give rise to biological functions, and will ultimately help us to understand the biology of organisms, in both health and disease.
INTRODUCTION
The field of functional genomics attempts to describe the functions and interactions of genes and proteins by making use of genome-wide approaches, in contrast to the geneby-gene approach of classical molecular biology techniques. It combines data derived from the various processes related to DNA sequence, gene expression, and protein function, such as coding and noncoding transcription, protein translation, protein-DNA, protein-RNA, and protein-protein interactions. Together, these data are used to model interactive and dynamic networks that regulate gene expression, cell differentiation, and cell cycle progression. Studying cells at a systems level has been facilitated by recent technological advancements, as well as the availability of complete genome sequences. Since the landmark publication of the first draft of the human genome in 2001, 1 ,2 the genomes of hundreds of organisms from all branches of the tree of life have been sequenced. This has lead to improved annotations of genes and their products, and has enabled genome-wide studies aimed at understanding interactions and molecular processes in the cell.
CLINICAL PROBLEMS ADDRESSED
This article will give a brief overview of high-throughput omics technologies and their applications, and how these powerful tools have expanded the possibilities for studying the complex biology of cells, organs, and full organisms.
MATERIALS AND METHODS

DNA microarrays
DNA microarrays consist of thousands of microscopic DNA spots (probes) that are bound to a solid surface, such as glass or a silicon chip (Affymetrix) or microscopic beads (Illumina). Labeled single-stranded DNA or antisense RNA fragments from a sample of interest are hybridized to the DNA microarray under highstringency conditions. Each probe is identified by its location on the DNA microarray, and the amount of hybridization detected for a specific probe is proportional to the level of nucleic acids from the corresponding genomic location in the original sample.
Next-generation sequencing technologies
Three main next-generation sequencing (NGS) platforms are widely used: the Roche 454 platform (Roche Life Sciences), 3 the Applied Biosystems SOLiD platform (Applied Biosystems), 4 and the Illumina (formerly known as Solexa) Genome Analyzer and HiSeq platforms (Illumina).
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For these three NGS platforms, template DNA is fragmented, bound to adaptors, amplified by polymerase chain reaction, and subsequently immobilized on beads or on an array where clusters consisting of identical DNA fragments are formed. These clusters are read by sequential cycles of nucleotide incorporation, washing, and detection, where the number of cycles eventually determines the read length (Fig. 1) . A fourth DNA sequencing technology has been recently developed by Ion Torrent. The Ion Torrent technology takes advantage of the hydrogen ion that is released as a byproduct of the incorporation of a nucleotide into a DNA strand by polymerase. The sequencer directly senses the ions produced by template-directed DNA polymerase synthesis on a massive parallel semiconductor-sensing device that directly transforms this chemical signal to digital information. 6 Over the years, sequencing pipelines have greatly improved in throughput and costs for instruments and reagents, along with improvements in computational power, data storage, and bioinformatics tools that facilitate the analysis of the growing quantities of sequence reads. Together, these advancements have caused a dramatic drop in sequencing costs, down to about $0.09 (U.S.) per megabase in early 2012. 7 Several new companies, such as Helicos Biosciences, Pacific Biosciences, and Oxford Nanopore Technologies, are currently developing novel, socalled third generation sequencing techniques that do not require amplification of template DNA, but are able to read the sequence of single DNA molecules. 8, 9 These technologies could significantly advance the sequencing field by greatly reducing the cost for reagents and improving the throughput, while simultaneously eliminating any bias introduced during the template amplification step of the NGS protocol.
Mass spectrometry
A mass spectrometer consists of three components: an ion source to convert a gas-phase sample into ions, a mass analyzer to separate the ions by means of an electromagnetic field, and a detector. The development of ionization techniques that enable the transfer of proteins and peptides into the gas phase without substantial degradation has been crucial for the application of mass spectrometry (MS) in large-scale proteomic studies. The most commonly used ionization techniques are matrix-assisted laser desorption ionization and electrospray ionization. These ionization techniques can be combined with various types of mass analyzers that separate ions based on the mass-to-charge ratio by either trapping ions in an electrical field (trapping mass spectrometers) or by accelerating ions through an electrical field and measuring the time-of-flight. A comparison of instrument configurations that are most commonly used in proteomics is provided elsewhere. 10 The most advanced mass spectrometer available to date is the Orbitrap, which has a high resolution, a high mass accuracy, and a large dynamic range that make it suitable for a wide range of proteomics and metabolomics applications.
The most common strategy for proteomic studies is a bottom-up approach, in which a protein sample is first enzymatically digested into smaller peptides, followed by separation of the peptides by charge, hydrophobicity, or a combination of these characteristics, and then injected into the mass spectrometer. Individual peptide spectra are used to indirectly identify complete proteins that were present in the original sample.
RESULTS
Genomics
For almost 30 years, sequencing of DNA has largely been dependent on the first-generation Sanger dideoxy sequencing method. Sanger sequencing requires each sequence read to be amplified and read individually (Fig. 1) . Despite considerable improvements in automation and throughput, Sanger sequencing remains relatively expensive and labor intensive. For whole-genome sequencing, it is dependent upon bacterial cloning, which is time-consuming and can introduce biases as a result of, for example, difficulties in cloning AT-rich fragments or genes that are toxic to bacteria. Since 2005, several NGS technologies have become commercially available, which have transformed the field of whole-genome sequencing. The amount of data generated in parallel from small amounts of DNA is enormous, and currently reaches up to 6 billion short reads or 600 gigabase per instrument run. This has greatly facilitated the sequencing of the complete genome of organisms to identify DNA mutations, ranging from singlenucleotide polymorphisms to large gene deletion or duplication events. In addition, these technologies have enabled a range of novel applications, including genome-wide analysis of epigenetic mechanisms, such as DNA methylation, location of Many of these applications are based on mapping short reads of DNA obtained from a particular sample to a reference genome and analyzing the distribution of these reads (Fig. 2) . 11 For example, for determining the locations of a particular histone modification, chromatin is sheared into mononucleosomal fragments. Chromatin fragments containing the histone modification of interest are immunoprecipitated and the corresponding DNA fragments are sequenced (ChIP-Seq). Since only the 5¢ end of DNA fragments are sequenced, the sequence reads obtained in this experiment will map to the outer side of the nucleosome. However, the midpoint of the histone can be determined by extrapolation of the distribution of sequence reads from either side of the nucleosome. This type of experimental setup and data analysis yields highly accurate positioning of modified histones. Novel experimental procedures are continuously being applied to achieve even a higher resolution, recently yielding single-base pair resolution for both transcription factor binding sites 12 and nucleosome positioning. 13 NGS has greatly improved our ability to study the various genetic and epigenetic mechanisms, with unprecedented detail and specificity. This information has provided us with enormous insight into gene regulation and cell cycle control, as well as the roll of mutations and epigenetic mechanisms in pathogenesis.
Transcriptomics
Regulation of gene expression is fundamentally important for cell development and differentiation. Profiling the abundance of transcripts in different cell types and under various conditions increases Figure 2 . Applications of NGS. The types of experiments that can be performed using NGS are many fold and are certainly not limited to the applications listed here. Applications include sequencing the complete genome or exome (all coding regions of the genome) to identify single-nucleotide polymorphisms (SNP-Seq) or other DNA mutations, profiling the genome-wide locations of methylated cytosines (Bisulfite-Seq), investigating various aspects of chromatin structure and regulation of gene expression by determining nucleosome positioning (MAINE-Seq and FAIRE-Seq), histone modifications or transcription factor binding (ChIPSeq), and determining mRNA levels to study gene expression and its regulation (RNA-Seq). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound our knowledge about gene function and regulatory pathways. In the past, RNA transcripts have been analyzed using Northern blotting or reverse transcription polymerase chain reaction, which are restricted to limited numbers of known transcripts. Serial analysis of gene expression (SAGE) was developed in 1995, and consists of sequencing small tags that correspond to the 3¢ fragments of messenger RNA (mRNA).
14 This allows for a highly quantitative analysis by simply counting the number of tags that map to a particular gene. Despite several improvements to the original protocol, SAGE is no longer widely used as it is very labor intensive and relatively low-throughput compared to newly developed NGS applications.
Around the same time, the first DNA microarrays were developed for measuring the expression levels of large numbers of genes. 15, 16 Transcripts isolated from a sample of interest are converted into cDNA or cRNA, are labeled, and are subsequently hybridized to the DNA microarray. The amount of hybridization detected for a specific probe is proportional to the transcript level of the corresponding gene. Comparing transcript levels between various cell types or conditions can be used to identify genes that are involved in cell differentiation or in responses to certain environmental changes. Cluster analysis is often employed to characterize genes that have similar expression profiles and are therefore likely to have similar biological functions. DNA microarrays are still in use today and continue to provide valuable biological information, although it is to be expected that gene expression profiling will shift more and more toward the use of NGS tools.
NGS technologies have opened the door for a broad range of genome-wide analyses related to gene expression and transcript profiles, which are collectively known as RNA-Seq (Fig. 2) . Sequence reads derived from an RNA sample of interest are mapped to a reference genome, where the number of reads that map to a certain gene corresponds to the expression level of that gene. Besides profiling gene expression levels, RNA-Seq can be used to analyze transcript boundaries and intron/exon junctions and to discover novel transcripts and novel alternative splice variants. In addition, it can be applied to, for example, profiling of noncoding RNA, nascent transcripts, and ribosome-associated mRNA, and has the potential to immensely increase our understanding of the different roles of RNA and of the various levels of regulation of gene expression. RNA-Seq provides a combination of high-throughput, large sequencing depth, and genome-wide coverage, which is not offered by any other tool used for gene expression analysis in the past. An additional advantage of RNA-Seq over DNA microarrays is that it is not dependent on the availability of a microarray for the species of interest and can therefore be implemented for all organisms.
Proteomics
Proteins are one of the functional units of the cell, and it is therefore essential to understand how proteins function to completely understand biological processes. Since transcript levels do not necessarily correlate with protein levels, quantitation of proteins is required to unequivocally determine their abundance. In addition, many proteins are post-translationally modified, adding an extra level of complexity to their structure and function.
Analysis of the protein content of cells can be performed by two-dimensional gel electrophoresis, where proteins are separated first by size, and then by charge, followed by MS. Another relatively straightforward proteomics approach is geLC-MS, where proteins are first separated by onedimensional gel electrophoresis (SDS-PAGE). Each gel lane is then divided into equally sized sections, and the proteins from each section are digested, separated by liquid chromatography, and analyzed by MS. More recently, a high-throughput technology has been developed that is more suitable for identifying large numbers of proteins from complex mixtures. Using the multidimensional protein identification technology (MudPIT), proteins are digested into peptides that are then separated by means of two-dimensional chromatography, based on both charge and hydrophobicity, and are subsequently analyzed by MS. 17 The signals of each peptide obtained using MS can then be compared to a database of previously sequenced proteins or to a database of predicted proteins based on the genome sequence to identify the protein from which the peptide was derived. MudPIT allows for a highly sensitive detection of proteins and has over the last decade been applied to a broad range of cells and organisms. It has successfully been used to profile organelle and membrane proteins, identify post-translational modifications, dissect protein complexes, and analyze protein expression.
Interactomics
Determining the abundance and localization of a protein is not sufficient to understand its function. Many molecular processes in the cell are performed by complexes of proteins that are organized by protein-protein interactions. Such functional interactions are found in signal transduction, transcriptional regulation, metabolic pathways, and many other biological functions. Deciphering these interactions is crucial to understanding the interactive pathways and networks that form the basis of many cellular processes.
Protein-protein interactions can be studied using a variety of methods. The two-hybrid system has been used for the first time in 1989 7 and has since then been modified to allow proteome-scale screening. 18, 19 In the two-hybrid method, one protein of interest is fused to a DNA binding domain, while another protein of interest is fused to an activation domain. Both fusion proteins are then expressed in the same cell, which could in theory be any living cell, although yeast and bacterial cells are most widely used. If the proteins interact, a reporter gene is transcriptionally activated, which will change the phenotype of the cell and allow for an easy readout. In addition to the original twohybrid system, which requires proteins to be present in the nucleus, the cytotrap yeast two-hybrid tool has been developed for detection of proteinprotein interactions in the cytoplasm. The twohybrid technique is relatively straightforward and can be used as a first screen to identify interacting protein partners. However, the rate of false positives is relatively high, and interactions found by the two-hybrid technique should always be validated using other tools.
While the two-hybrid system is limited to screening the interaction between two proteins at a time, affinity purification methods may be more suitable to study the organization of proteins into complexes. This technique entails fusing a tag to a protein of interest, which is subsequently used to isolate this protein together with all proteins that are bound. The bound proteins are then analyzed by MS. In 2002, this technique was first performed in yeast and revealed thousands of protein-protein interactions, many of which had not been described before. 20, 21 Since then, the tandem affinity purification (TAP) strategy has become increasingly popular. TAP involves two rounds of affinity purification that provide a high specificity, but may on the other hand result in the loss of transient or very weak protein-protein interactions. In combination with other tools, such as protein microarray and phage display, these technologies have vastly increased our understanding of interactive protein networks. 
Metabolomics
Metabolites are small molecules, such as amino acids, sugars, and fatty acids, that are chemically transformed by enzymes during metabolism and that play critical roles in various biological processes. Metabolite levels correlate more directly with a cellular phenotype than genes or proteins, and therefore provide an accurate functional readout of the state of a cell. Researchers have long been interested in profiling metabolites on a global level, but only recently technologies have emerged that enable these types of studies. The tools most widely used for global metabolomics approaches are nuclear magnetic resonance (NMR) and liquid chromatography coupled to MS. The main advantages of NMR are its high reproducibility and ease of sample preparation. However, the sensitivity of MS-based techniques is higher compared to NMR, and allows the detection of most metabolites present in a cell. Information from metabolomics studies will increase our understanding of complex cellular metabolism, characterize new metabolic pathways, and identify new targets for therapeutic intervention in, for example, cancer.
DISCUSSION
With a plethora of information emerging from various omics studies, the main challenge in systems biology is to integrate these data into a single network and to find out how genes, transcripts, proteins, and metabolites interact to regulate the biological processes that determine cell function and cell cycle progression (Fig. 3) . The availability of large amounts of data has led to the development of more robust computational methods for network analysis. These tools can, for example, be used to predict protein function by means of guilt-byassociation analysis. This type of analysis is based on the principle that the function of a protein is likely to resemble the function of proteins with which it interacts or is coexpressed. In addition, multiple tools are available that support pathway analyses to determine whether certain pathways or gene ontologies are over-represented in certain biological processes.
To obtain accurate and complete cell models, network analysis should not only be based on experiments performed in model organisms under standard laboratory conditions. In contrast, using information obtained from multiple species, cell types, or under various environmental conditions will allow differentiation between relatively static housekeeping genes and the dynamic processes involved in response to stress or other external and internal signals. 22 This will ultimately lead to building improved models of biologically relevant interactions between all components of a cell.
INNOVATION
Novel technologies developed over the past decade allow a systems biology approach to studying the complex processes that shape cells, organs, and organisms. Instead of focusing on single genes or proteins, NGS platforms and MS applications provide the opportunity to study genes, transcripts, proteins, and their interactions on a genome-wide level. Ultimately, the integration of this information will result in an improved understanding of how genes give rise to biological functions.
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KEY FINDINGS
NGS technologies enable a range of applications for studying various cellular processes related to DNA, chromatin structure, transcription, and translation on a genome-wide level.
Advances in MS allow large-scale studies into proteins, protein-protein interactions, post-translational protein modifications, and metabolites.
Integration of genome-wide data by network analyses will improve our understanding of cellular biology.
